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Introduction
One of the main problems to be faced all over the world is the disposal of both the large quantity of agro-industrial wastes and the residues deriving from the livestock activities [1] . According to the Food Sustainability Index-a global study on nutrition, sustainable agriculture and food waste, which collects data from 67 countries around the world-every year the world population on average wastes 37 kg of food per person [2] . Generally, high-income countries produce a larger amount of food waste compared to low-income countries (see Figure 1) .
In 2012 the European Union alone generated approximately 88 million tons of food wastes, 9 million tons arising from primary production and 17 million tons coming from processing sector [3] . This value is intended to significantly increase, and it is expected to rise to about 126 million tons by 2020 [4] . Therefore, different strategies have been already adopted [5] to manage these existing accumulated food wastes. Some examples are the industrial reuse of food wastes in the biomaterials production and energy generation in the form of biogas [6] , though anaerobic digestion and anaerobic co-digestion of food waste seem to be among the best waste management strategies since they can be considered a renewable energy source with low emissions [6] . In 2012 the European Union alone generated approximately 88 million tons of food wastes, 9 million tons arising from primary production and 17 million tons coming from processing sector [3] . This value is intended to significantly increase, and it is expected to rise to about 126 million tons by 2020 [4] . Therefore, different strategies have been already adopted [5] to manage these existing accumulated food wastes. Some examples are the industrial reuse of food wastes in the biomaterials production and energy generation in the form of biogas [6] , though anaerobic digestion and anaerobic co-digestion of food waste seem to be among the best waste management strategies since they can be considered a renewable energy source with low emissions [6] .
Generally, agro-industrial wastes are inappropriately disposed [7] , with the consequence of threatening the environment and public health. Agro-industrial wastes are generally characterized by high biological oxygen demand (BOD) and chemical oxygen demand (COD) [5] , and they are also easily susceptible to bacterial contamination due to the high water content [5] . Therefore their disposal is difficult. Fortunately, agro-industrial wastes still have high nutritional prospective [7] , because they are mainly composed of sugars, fibers, proteins, and minerals [8] . Due to their composition, currently there is a great interest in their reuse [8] so that they can be also categorized as agro-industrial by-products [7] .
The presence of carbon sources, nutrients and moisture in agro-industrial wastes provides suitable conditions for the development of microorganisms [8] , opening the gateway of many applications in the field of solid-state fermentation (SSF) process.
Solid-state fermentation is defined as the fermentation operated by microorganism grown on solid particles in absence (or near absence) of free water [9] . The substrate of SFF is a solid material which acts both as physical support and source of nutrients, and it must possess enough moisture to support the growth and metabolism of microorganism, such as fungi, yeasts, and bacteria [9] . Different substrates can be employed, such as solid materials originating from agriculture, food, paper, textiles, detergent, and animal feed industries [7] . SSF has found large applications in the recent years, such as production of enzymes and other important biomolecules, bio pulping processes, and bioreactors design [10] , or to produce added-value products using agro-industrial wastes as solid substrates [7, 11] .
Many of the agro-industrial residues are mainly composed of cellulose, hemicellulose, and lignin, being called lignocellulosic materials [8] . These characteristics make them a suitable substrate for solid-state fermentation process operated by mushrooms, thanks to mushrooms complex enzymes system able to degrade lignocellulosic materials.
Lignocellulosic degradation is a complex process, which requires a series of hydrolytic and oxidative enzymes ( Figure 2 ): the first is responsible for cellulose and hemicellulose degradation, while the latter operates lignin depolymerization [12] [13] [14] [15] . Generally, agro-industrial wastes are inappropriately disposed [7] , with the consequence of threatening the environment and public health. Agro-industrial wastes are generally characterized by high biological oxygen demand (BOD) and chemical oxygen demand (COD) [5] , and they are also easily susceptible to bacterial contamination due to the high water content [5] . Therefore their disposal is difficult. Fortunately, agro-industrial wastes still have high nutritional prospective [7] , because they are mainly composed of sugars, fibers, proteins, and minerals [8] . Due to their composition, currently there is a great interest in their reuse [8] so that they can be also categorized as agro-industrial by-products [7] .
Lignocellulosic degradation is a complex process, which requires a series of hydrolytic and oxidative enzymes ( Figure 2 ): the first is responsible for cellulose and hemicellulose degradation, while the latter operates lignin depolymerization [12] [13] [14] [15] .
The degradation mechanisms of lignocellulosic materials by white-and brown-rot fungi are widely described in the literature [16] , while little is known about lignocellulose degradation by soft-rot fungi [16] . The degradation mechanisms of lignocellulosic materials by white-and brown-rot fungi are widely described in the literature [16] , while little is known about lignocellulose degradation by soft-rot fungi [16] .
A lot of edible mushrooms have also proven to be able to degrade lignocellulosic materials [11, 17, 18] . Since edible mushrooms are widespread throughout the world [19] , the ligninolytic enzymes system of edible mushrooms may be used for the recycling of a lot of worldwide agro-industrial wastes, depending on the local availability of agricultural and food industry residues. In this way, the environmentally sound management of wastes would be combined with the generation of food products with added value.
In recent years, mushrooms production has increased worldwide [20] , so much so that it almost doubled from 2005 to 2017 ( Figure 3 ). Mushrooms are appreciated not only for the texture and flavor but also for their chemical and nutritional properties [21] . Mushrooms can be considered healthy foods, thanks to their mineral, dietary fiber, and protein contents, and because they are poor in calories and energy [22] . Some species also showed good biological value of proteins [22] [23] [24] . Carbohydrates approximately represent 50% of dry matter [25] . Homopolysaccharides, particularly glucans, are indeed the most responsible for mushrooms biological activities [26] , and recent studies also revealed the therapeutic properties of mushrooms heteropolysaccharides [27] . Mushrooms are also rich in bioactive compounds [28] [29] [30] , thus possessing radical scavenging activity and exerting antibacterial effects [31] [32] [33] .
Pleurotus ostreatus, a white-rot fungus, is one of the most worldwide cultivated species, together with Agaricus bisporus and Lentinula edodes [11] . Agaricus spp. are litter-decomposing fungi (LDFs), with an overall A lot of edible mushrooms have also proven to be able to degrade lignocellulosic materials [11, 17, 18] . Since edible mushrooms are widespread throughout the world [19] , the ligninolytic enzymes system of edible mushrooms may be used for the recycling of a lot of worldwide agro-industrial wastes, depending on the local availability of agricultural and food industry residues. In this way, the environmentally sound management of wastes would be combined with the generation of food products with added value.
Lignocellulosic degradation process
In recent years, mushrooms production has increased worldwide [20] , so much so that it almost doubled from 2005 to 2017 ( Figure 3 ). The degradation mechanisms of lignocellulosic materials by white-and brown-rot fungi are widely described in the literature [16] , while little is known about lignocellulose degradation by soft-rot fungi [16] .
Pleurotus ostreatus, a white-rot fungus, is one of the most worldwide cultivated species, together with Agaricus bisporus and Lentinula edodes [11] . Agaricus spp. are litter-decomposing fungi (LDFs), with an overall Mushrooms are appreciated not only for the texture and flavor but also for their chemical and nutritional properties [21] . Mushrooms can be considered healthy foods, thanks to their mineral, dietary fiber, and protein contents, and because they are poor in calories and energy [22] . Some species also showed good biological value of proteins [22] [23] [24] . Carbohydrates approximately represent 50% of dry matter [25] . Homopolysaccharides, particularly glucans, are indeed the most responsible for mushrooms biological activities [26] , and recent studies also revealed the therapeutic properties of mushrooms heteropolysaccharides [27] . Mushrooms are also rich in bioactive compounds [28] [29] [30] , thus possessing radical scavenging activity and exerting antibacterial effects [31] [32] [33] .
Pleurotus ostreatus, a white-rot fungus, is one of the most worldwide cultivated species, together with Agaricus bisporus and Lentinula edodes [11] . Agaricus spp. are litter-decomposing fungi (LDFs), with an overall lignin degradation rate lower than that of white-rot fungi [18] . These mushrooms are less interesting from a nutritional point of view, due to their negligible beta-glucans content, unlike some species of the Pleurotus genus [34] . Also Lentinula edodes, a white-rot fungus, has been proven to be highly promising in selectively degrading lignin [11] , but it is widespread especially in Japan and China, even if its cultivation is now increasing also in Europe.
Pleurotus spp. are selective degraders, degrading lignin and hemicellulose rather than cellulose, which in this way remains exposed and can be utilized by ruminants [17] . Furthermore, Pleurotus spp. have the advantage of very simple cultivation compared to that of the most commonly cultivated mushroom, A. bisporus [17] : actually, non-composted, chopped and water-soaked straw is sufficient for Pleurotus cultivation [11] .
Thanks to their biodegradation capability, nutritional value, and spread in Europe, Pleurotus spp. could be a useful tool not only to reduce the environmental impact of agri-food wastes but also to transform them into new resources for the simultaneous production of edible food items with high added value.
The aim of this review is to provide an overview of the recent literature focused on the use of different agri-food residues as growth substrates for Pleurotus spp. cultivation, known for its selective capacity in lignin degradation, with particular attention focused on field-based and processing-based residues, whose disposal could cause environmental pollution. Data regarding production parameters for mushrooms cultivation are provided, with particular attention to biological efficiency (BE), calculated as the percentage ratio of fresh mushrooms weight over the dry weight of the substrate. Moreover, the effects of different substrates on the proximate composition of mushrooms are also evaluated, with attention to mushrooms nutritional and functional compounds which can be affected by changes as a result of the food waste characteristics.
Pleurotus spp. Cultivation on Field-Based Residues
Different field-based residues are produced in large volumes all over the world: according to Lal [35] , from 1991 to 2001 there was an increase in the world crop residue production from 3448 to 3758 10 6 Mg. Recently Cherubin, et al. [36] observed a further increase, ranging between 3331 and 5010 10 6 Mg, from 2003 to 2013.
All these residues are generally left to rot in the field or are disposed of through burning [37] . In some cases they can also be involved in the production of livestock feed [38] , but such use is limited due to the presence of high contents of non-nutritive compounds (such as lignin and silica) and/or anti-nutritional factors (tannins), which can interfere with the normal digestion, and consequent absorption, of the animal feed [39] . A biotechnological pretreatment, such as the solid-state fermentation operated by mushrooms, could be a useful tool to improve the quality of agricultural residues and make them more suitable in the utilization in livestock feed. Recently, Nasehi, et al. [40] evaluated the effect of P. florida solid-state fermentation on the nutritive value of some agricultural wastes (rice straw, wheat straw, barley straw, soybean straw, canola straw, pea straw, and rice husk). These agro-food residues, in fact, cannot be utilized for ruminant nutrition due to their high lignin content, but fungal pretreatment of these crop residues could be a suitable approach to obtain biological delignification of agro-food residues. The authors observed a significant increase in the protein and ash contents in all treatments of the examined agro-food residues, and a decrease in dry matter, organic matter and neutral detergent fiber after all substrates fermentation. However, the authors did not evaluate any modification in P. florida composition or nutritive value.
Fortunately, agricultural by-products are rich in lignocellulose, hence they could be potentially suitable substrates for oyster mushrooms cultivation. Tables 1 and 2 reports the main results regarding the cultivation of Pleurotus spp. on different field-based residues, such as cereals straw, corn stover, grass residues, and sunflower residues. Cereal straws can be considered an agriculture by-product of cereal threshing. These crop residues are produced in large volumes all over the world, especially in those regions with expanding agricultural production. Chopped wheat straw is generally the main component of the growth substrate for Pleurotus spp. cultivation [11] , but the supplementation with protein-rich materials is often carried out in order to enhance the yield.
Gupta, et al. [44] , for example, evaluated the effect of the supplementation of wheat straw with mahua cake (MC), an important by-product of the Madhuca indica, an Indian tropical tree, on the yield and chemical composition of P. sajor-caju. This residue is rich in sugars and proteins, but it also contains toxic compounds, such as saponins. Therefore, the authors evaluated the development of the fruit bodies of P. sajor-caju on mahua cake as is, on MC detoxified with cold water (CW DMC) and on MC detoxified with methanol (DMC). The wheat straw supplementation with MC increased mushroom yields with increasing the cake addition, up to a certain level (10% for MC as-is and 10% for CW DMC, 20% for DMC). MC detoxification significantly improved the mushroom yield (highest value of 1024.8 g kg −1 dry substrate), reaching an average increase of 75% in the yield compared to the control (wheat straw), the authors ascribed this effect to the potential inhibitory effect of the cake saponins to the growth of mushroom. The substrates with the highest yield also gave the highest protein contents (N × 4.38) in the fruit bodies (Table 1) .
Jeznabadi, et al. [57] , instead, evaluated the effects of different sources of Iranian agricultural wastes on the production parameters and protein content in the cultivation of P. eryngii. Wheat straw, wood chips, sawdust, sugar beet pulp, barley straw, and maize stem residues were used as basal substrates, whereas wheat bran, rice bran, soybean powder, and their combinations were used as supplement. Barley straw supplemented with rice bran gave the highest mushroom yield (83.5 g kg-1 substrate, mushroom protein content 8.8 g 100 g −1 edible weight), followed by sugar beet pulp supplemented with rice bran (79.3 g kg −1 substrate, mushroom protein content 6.87 g 100 g −1 edible weight), whereas the substrate with the worst performance was sawdust supplemented with rice bran (61.4 g kg −1 substrate, mushroom protein content 6.87 g 100 g −1 edible weight). Protein content was differently affected by the various substrates, ranging between 4.64% (barley straw + wheat bran and wood chips + soybean powder + rice bran treatments) and 13.66% (wheat straw + wheat bran + soybean powder treatment). The results of this work show that mushroom proteins did not often increase with the increase of yield, and they were not in agreement with Gupta, et al. [44] . The results observed by Jeznabadi, et al. [57] are probably due to the differences in the characteristics (i.e., C/N ratio and/or chemical composition) of the substrates, while Gupta, et al. [44] evaluated the same substrate in different concentrations.
Shevale and Deshmukh [48] observed better results, in terms of total yield and biological efficiency, when paddy straw was used in combination with other vegetable wastes (brassica straw, peapod, and cauliflower leaves) than paddy straw alone in the cultivation of P. citrinopileatus. In particular, the yield and BE were the highest in the growth substrates of 70% paddy straw and 30% other agri-wastes. Furthermore, the addition of paddy straw to pea pod and cauliflower leaves is necessary in order to allow the mushrooms growth, which was prevented on pea pod and cauliflower leaves alone, probably due to the water excess of the growth substrate.
Corn stover is another agricultural by-product produced in large quantity all over the world. Generally, it is used by several companies to produce bedding, insulating materials, particleboard, paper, chemicals, and bioethanol [58] . However, its high lignocellulosic content and its relatively large availability make corn stover a potential cheap substrate for mushroom cultivation. Among the different agricultural wastes evaluated by Khan, et al. [59] in the cultivation of various species of Pleurotus, corn stover revealed the growth substrate with the lowest yield, while the cotton waste gave the highest yield value.
Residues originating from various grasses can be considered other examples of crop-based residues which can be recovered and upgraded to higher-value products [11] . In the study of Mumtaz, et al. [60] lemon grass tested as growth substrate for P. pulmonarius cultivation gave higher yield in combination with other agricultural wastes than alone (yield value of 264.8 g compared to 385.2 g obtained with the substrate composed of lemongrass and cotton waste in the ratio 1:1). Also Vieira and Andrade [61] evaluated grass residues, besides sugarcane straw and wheat straw, as growth substrates for the cultivation of Pleurotus ostreatus. Brizantha grass (Brachiaria brizantha), a native grass of tropical regions and particularly popular among cattle farmers in Kenya, showed the highest mushroom yield (28.5%), followed by decumbens grass (Brachiaria decumbes), a native grass of tropical and subtropical regions of Asia, Africa, Australia, southern Europe, and the Americas. Furthermore, brizantha grass showed the highest biological efficiency (BE = 124.0%), followed by sugarcane straw, decumbens grass, and wheat straw (103.7%, 96.9%, and 86.4%, respectively). Moreover, the authors obtained better performances in terms of yields and BEs by addition of wheat bran used as nitrogen supplementation to the substrates.
In the evaluation of different agro-substrates for mushroom growth, Hossain [54] also tested deenanath grass (Pennisetum pedicellatum), an indigenous grass of Ethiopia, in the cultivation of P. ostreatus: the substrate gave a yield of 596 g kg −1 dry substrate and a biological efficiency of 59.6%, while the best performances were observed with paddy straw (yield 827 g kg −1 dry substrate and BE 82.7%).
Sunflower cultivation has increased in many countries in the last years: it is a good source of proteins and edible oils, and its residues, when left in the soil after harvesting, provide nutrients for and help to control weeds in the succeeding crop [62] . However, some studies reported an allelopathic influence exercised by sunflower [63] , so much so that many farmers have begun to observe a reduction in the yields of crops grown in association with, or in succession to, sunflower. Therefore, it has been hypothesized that sunflower residues left in the field release phytotoxins into the soil, thus affecting the growth and yield of crops grown in rotation with sunflower [62] . For these reasons, alternative use of sunflower residues would be desirable.
Telang et al. [41, 45] evaluated the yield and chemical composition of P. eous and P. sapidus cultivated on different agro wastes, among which sunflower stalk. The results showed the same trend in both mushrooms: soybean straw gave the highest biological efficiency (82.0% and 72.9%, in P. eous and P. sapidus, respectively), while the lowest value of BE was observed on sunflower stalk (61.5% and 45.9%, in P. eous and P. sapidus, respectively). At the same time, in P. eous. sunflower stalk showed the highest carbohydrate (52.00%) and moisture contents (90.23%), as well as the lowest ash value (5.25%). However, further studies are needed to evaluate the real use of sunflower residues as a growth substrate for mushroom cultivation, due to the possible presence of sunflower phytotoxins.
Pleurotus spp. Cultivation on Processing-Based Residues
The food industry produces large amounts of residues all over the world: this not only represents a great loss of valuable materials, but also raises serious management problems, both from economic and environmental point of view. Fortunately, many agri-food industry residues can be potentially be reused into other production systems (biorefineries, livestock feeding, fertilization, and others [4] or can be used to produce value-added products [5] .
Food industry residues generally contain a large amount of lignocellulosic material (except animal-derived food wastes), so they could represent good substrates for mushroom growth. In this way, the solid-state fermentation process represents a useful process to convert food industry residues into renewable resources able to produce a large variety of value-added compounds [8] . Many scientific works reported the use of different food industry residues (such as residues from oil-olive, coffee, beer, wine, hazelnut, sugarcane, or sugar beet industry) for the cultivation of edible mushrooms, and the relevant main results regarding the cultivation of Pleurotus spp. are reported in Tables 3 and 4 . 
Olive Mill Wastes
The olive-oil industry is a very important economic sector for the countries of the Mediterranean area. However, it is well known that the oil production process produces large volumes of wastes.
According to the centrifugation system used by the industry to extract oil, different fractions can be obtained at the end of the process [66] . In the three-phase system the oily phase, the olive pomace (or olive husk or olive press cake) and the olive mill wastewater are produced, while the extraction with the more recent two-phase system leads to the oily phase and to a viscous sludge-like waste (called in different ways: alperujo, olive wet husk, wet pomace, or two-phase olive mill waste). Although the two-phase system has been labeled as ecological because of the reduction in water consumption, the effective management and safe disposal of all the wastes generated by both systems, previously described, are a serious problem of environmental pollution, also because they are produced in a short period of time. According to Ntougias, et al. [67] , in fact, these residues are characterized by acidic pH, high phenolic and organic matter contents, undesirable color and odor. Their use in livestock feeding is limited due to the presence of anti-nutritional compounds, such as phenols, and the high lignin content, which prevents the action of both rumen microorganisms and hydrolytic enzymes [68] . Many studies reported, in the literature, the evaluation of the lignin-degrading enzymatic system of selected white-rot fungi as a useful tool to decrease the phenolic content and the phytotoxicity of the olive mill wastes [69, 70] , but few of them evaluate the effects of the olive mill wastes supplementation on the growth, chemical composition or nutritional quality of mushrooms.
Avni, et al. [71] investigated the use of olive mill solid waste (OMSW) from three-phase olive mills in the substrate cultivation of different Pleurotus species, particularly focusing on the glucan contents of mushrooms. The authors were able to enhance up to twice the total glucan content when using OMSW in combination with eucalyptus sawdust (80:20) in the growth substrate compared to no OMSW use. This result was in agreement with those of Reverberi, et al. [72] , according to which substrate containing OMSW stimulated the β-1,3-glucan synthesis in P. ostreatus, due to the mushroom response to the oxidative stress that may occur in the presence of OMSW. Furthermore, Avni, et al. [71] observed a great difference in the glucan contents among the various Pleurotus species, with the maximal variation in the α-glucan concentrations and P. eryngii being the species with the highest αand β-glucan contents, α-glucan being mainly concentrated in the stalk.
Similarly, Mansour-Benamar, et al. [65] tried to valorize olive mill wastes, by evaluating the use of solid olive mill wastes alone (SOMW) and supplemented with wheat straw (SOMWS) for the growth of two strains of oyster mushroom, a local and a commercial strain of Pleurotus ostreatus. Mushroom growth was observed in both substrates, but the yields were very low. The lower mushroom productivities were probably due to the poor nitrogen supply present in the SOMW: solid olive mill wastes supplementation with wheat straw, in fact, significantly increased the productivity of both Pleurotus strains (Table 4) .
Ruiz-Rodriguez, et al. [73] , instead, evaluated the effects of wheat straw supplemented with olive mill waste, obtained from a two-phase olive oil production system, on the growth and quality of P. ostreatus and P. pulmonarius: high biological efficiency (up to 85%) where observed on substrates including up to 50% of olive mill waste, while higher supplementations lead to a significant reduction in the BE values.
Similarly, Zervakis, et al. [49] evaluated the use of two-phase olive mill wastes (TPOMWs) in the growth substrates of different Pleurotus species. When composted media were used the authors obtained a better yield, especially at low TPOMWs concentrations (20-40% for composted media and 20% for raw TPOMWs): the composting process, in fact, leads to a detoxification of the original material. The mushrooms productivity decreased when raw TPOMWs supplementation exceeded 60%, probably due to the high toxicity of the waste present in the growth substrate. The results of this study showed very high BE values, the highest BE being obtained from the composted TPOMW 20% and ranging between 120% and 135% ( Table 4) . As concerning the different species, P. cystidiosus showed the poorest performances, while P. ostreatus and P. pulmonarius were the fastest colonizers.
Grape Marc
Grape wine is one of the most important alcoholic beverages in the world, with a continuously increasing demand. It has been calculated that the wine industry produces wastes at about 5 tons per hectare of land per year [74] , generating both solid and liquid wastes. Solid winery waste is composed of grape stalks, grape seeds, and grape marc. Grape stalks are rich in lignin, cellulose, nitrogen, and potassium and have been found to be highly effective for soils [75] . Grape seeds are very rich in linoleic acid and omega-6 fatty acids, and phenolic compounds [76] , and therefore can be used for the extraction of these bioactive molecules. Grape pomace is generally used as feed additive due to its high fiber content (up to 40%), but it also contains sugars, pigments and phenolic compounds [74] . Thanks to their high lignocellulose contents, solid winery wastes could be good candidates as growth substrates for mushrooms cultivation.
Koutrotsios, et al. [42] evaluated different plant residues as substrates for the cultivation of P. ostreatus, observing that grape marc plus cotton gin trash (1:1, w/w) gave the best biological efficiency, followed by olive mill by-products (leaves and two-phase olive mill waste 1:1, w/w), 137 and 72%, respectively (Table 4 ). Moreover, the authors observed a strong positive correlation between BE and the crude protein content of the best performing substrates (r 2 = 0.912). A strong correlation was also observed between BE and the lignin content of the best performing substrates (r 2 = 0.906), whereas crude fiber, hemicellulose, and total carbohydrates contents showed negative correlation with BE.
Koutrotsios, et al. [50] , instead, showed an increase in triterpenic compounds (oleanolic and ursolic acids and erythrodiol), as well as in resveratrol and ergosterol contents, in different species of Pleurotus spp. with increasing grape marc ratio to wheat straw used as a basal growth substrate. At the same time, the increased percentage of grape marc to wheat straw resulted in an increase in the total phenolic content and antioxidant activity (DPPH and FRAP) of the studied mushrooms.
Petre, et al. [77] evaluated the effects of the addition of different sources of nitrogen (1% w/v of rice bran, malt extract, peptone, trypeptone or yeast extract) and minerals (5 mg of CaCO 3 , KH 2 PO 4 , K 2 HPO 4 , or MgSO 4 ·5H 2 O) to the growth substrate composed of grape marc for P. ostreatus cultivation. Rice bran was the best performing N source, closely followed by the malt extract, whereas CaCO 3 revealed the most appropriate mineral source.
Brewers Grain
The most abundant brewing by-product is brewers' spent grain (BSG): it has high water and fermentable sugar contents, which make it very unstable and easily perishable due to microbial activity [78] . BSG is generally used for animal feed, but other applications involve BSG in human nutrition, energy and charcoal production, in the paper manufacturing, as a brick component and as adsorbent [78] . BSG is a lignocellulosic material, it is rich in protein and fiber, therefore, it is reasonable to consider it a suitable substrate for the mushroom growth. Very few works are present in the literature regarding brewers' spent grains for the cultivation of edible mushrooms. Wang, et al. [79] used unpretreated spent beer grains (added with different nitrogen sources: wheat, rice, and corn brans and Okara) as a substrate for the cultivation of Pleurotus ostreatus, yielding mushrooms with higher nutritional value than those grown on other reported kinds of substrates. The authors observed the major effect of the different substrates on the protein content, but also on carbohydrates and ash values of the fruit bodies, while the fat contents were quite similar. Furthermore, the amount and particularly the nature of the nitrogen source of the substrate influenced in a different way the protein content of the fruit bodies: few fruit bodies were observed when using spent grain alone as substrate, while the highest mushroom yield was obtained on a substrate composed of 45% wheat bran and 55% BSG. Gregori, et al. [80] , instead, yielded the maximum biological efficiency of the fruit bodies of P. ostreatus grown on a substrate composed of 20% wheat bran, 10% BSG, 68% beech sawdust and 2% CaCO 3 . The authors [80] attributed the observed differences with the results of Wang, et al. [79] to the various beer manufacturing processes or to the different fungal strains used.
Coconut Husk/Coir
Coconut palms generally grow in the tropical regions, but the big majority of the commercially produced coir comes from India and Sri Lanka, Indonesia and Philippines being the other major countries. Once harvested, the whole coconut is separated into kernel and husk, where the kernel is used either directly as food or processed further into food products or oil. The husk undergoes the extraction of coir fiber, from whose process coir pith is obtained as a by-product (about 50-70% of the husk). Despite many advantages and availability in large quantities, coir pith is not fully utilized for productive purposes and every year large amounts of coir pith accumulate nearby coir processing units, causing severe disposal problems, fire hazards and groundwater contamination due to the release of phenolic compounds [81] . Coir pith has high C/N ratio (about 100:1) and high lignin content, making its degradation under natural conditions very slow and preventing its direct use as an organic fertilizer [81] . Just for its high lignin content, many species of Pleurotus have been employed for coir pith degradation.
Raja, et al. [52] evaluated the effects of different mineral sources (sulfate forms of calcium, magnesium, iron, and zinc) addition to coir pith and paddy straw as basal substrates in the cultivation of P. florida. The obtained results showed that coir pith always had worse yield and biological efficiency compared to paddy straw, and among the different mineral sources, calcium sulfate addition gave the highest yield and BE values: 360.0 g bag −1 and 74.2% for coir pith and 463.3 g bag −1 and 95.5% for paddy straw, respectively.
Coffee Pulp/Husk
Coffee is one of the most consumed beverages in the world, due to its great demand, the coffee industry produces large amounts of residues. Depending on the coffee cherries processing method, i.e., wet or dry process, coffee pulp or coffee husk can be obtained as by-products, while the processing of raw coffee powder to prepare instant coffee generates coffee spent grain as by-products [82] . All these solid coffee wastes contain compounds, such as caffeine, tannins, and polyphenols, which make them toxic and prevent their beneficial use, besides being cause of environmental pollution problems [82] . Alternative uses of the coffee pulp and husk include their use as fertilizers, livestock feed, compost, etc., but all these applications make partial use of the coffee industry residues. However, coffee wastes are rich in organic nutrients, therefore, solid-state fermentation by mushrooms could be employed for their bioconversion processes. Parani and Eyini [83] , for example, investigated the biodegradation potential of selected fungal monocultures (among which P. eous and P. flabellatus) and their co-cultures in degrading coffee pulp: the authors observed protein enrichment (linear increase with the vegetative growth) and a significant loss in the organic matter of the coffee pulp during solid state biodegradation. Similarly, García, et al. [84] studied the production of ligninolityc enzymes of P. ostreatus and P. pulmonarius cultivated on coffee pulp: an increase in laccase activity was observed in mushrooms grown on coffee pulp with the simultaneous decrease of the caffeine and phenolic contents in the substrate. Furthermore, mixtures (1:1) of coffee pulp with cedar chip, coconut and cocoa shells showed that pure coffee pulp had higher laccase activity compared to mixtures with other by-products.
Da Luz, et al. [85] evaluated the P. ostreatus growth on different agro-industrial wastes, among which coffee husks with or without 20% rice bran. Also, in this case, coffee husks alone gave worse results: higher values of BE, enzyme (MnP, laccase, cellulase, and xylanase) activities, and soluble protein content were, in fact, observed in substrates added with 20% rice bran. The authors attributed the increasing enzyme activities to the major availability of monosaccharides, polysaccharides or nitrogen due to the addition of rice bran, and they highlighted the importance of reducing the C/N ratio of the growth substrates by adding a nitrogen source, in order to improve the mushroom cultivation.
Corncob
Corncob is one of the major agricultural by-products (tens of million tons) in the European Union [42] . To prevent farmers from disposing of the corncob excess by burning them, this by-product could be a cheap substrate for oyster mushrooms cultivation.
Buah, et al. [64] evaluated the possibility of using grounded corncob as an alternative to sawdust for mushrooms growth since it is very firm and retains a good amount of water. In this study the substrate composed of corncob and wheat bran showed better results than that composed of sawdust and wheat bran in terms of the growth and yield of P. ostreatus mushrooms (Table 4) : when mixing with sawdust (40% or 60%), in fact, corncob gave lower results in terms of the growth and yield, probably due to the pHs of the substrates which were lower than the optimum pH ranges for mushrooms growth. Also Hoa, et al. [37] , in the evaluation of the effects of different substrates on the growth, yield, and chemical composition of P. ostreatus and P. cystidiosus observed that corncob (100%), together with sugarcane bagasse (100%) were the most suitable substrates for mushrooms growth (Table 4 ). In particular, the authors found that the C/N ratios of the substrates were negatively correlated with the total colonization period, mushroom weight, yield, BE and protein content of both P. ostreatus and P. cystidiosus mushrooms. Later, Hoa, et al. [86] showed that corncob (100%) as growth substrate for P. ostreatus and P. cystidiosus also gave the highest total phenolic and total flavonoid contents in the studied mushrooms, with consequent high antioxidant activity.
In the study of Wang, et al. [87] different agro-industrial wastes, among which corncob, were added into a basal culture medium (50.0% eucalyptus sawdust + 10.0% wheat bran + 3.0% lime + 1.0% gypsum + 1.0% calcium superphosphate) in order to evaluate their effect on the growth parameters of P. pulmonarius. The authors observed that the growth substrate supplemented with corncob (35%) showed the worst comprehensive performance, with biological efficiency of 62.1%, the substrates supplemented with 35% of cottonseed hull, mulberry sawdust, and bagasse instead gave BE of 74.2%, 72.6 and 65.4, respectively.
The corncob particle size could influence the mushrooms growth parameters: Li, et al. [88] , in fact, observed that the mycelium growth rate and the yield per bottle significantly increased in P. eryngii cultivation with the corncob particle size increasing and that the excessively small corncob particles could result in lengthening the mushrooms growth cycle.
Sugarcane Bagasse
Sugarcane is an ethanol and sugar source, and Brazil is the major sugarcane producer in the world. The sugarcane residue, the bagasse (SCB), is one of the most abundant agro-industry by-products in the world, producing about 540 million tons of residues per year [89] . It is generally composed of approximately 40% cellulose, 24% hemicelluloses, and 25% lignin [90] , and small amounts of ash and waxes. SCB is used for electric energy production [91] . Thanks to its availability in large quantities at low cost, SCB is an attractive feedstock for the large-scale biological production of fuel ethanol [92] , but it needs a preliminary lignin removal before the bioethanol production. The degradation of lignin through biological methods are superior if compared to physical and chemical pre-treatments, thanks to their mild condition, less consumption of energy and being environmentally friendly [93] . However, biological degradation of the lignin is a generally slow and difficult to control process, therefore, its applications at the industrial level are very limited. White-rot fungi could be considered a very efficient tool for the biological degradation of lignin through the microorganisms' action. For this purpose, Dong, et al. [94] studied the lignocellulosic degradation process of sugarcane bagasse by means of different white-rot fungi (P. chrysosporium, Lentinula edodes, and P. ostreatus), showing different degradation mechanisms. P. chrysosporium was the most efficient in SCB degradation, removing 73.5%, 67.0%, 88.6% and 93.4% of total SCB, cellulose, hemicelluloses, and lignin, respectively. L. edodes and P. ostreatus, instead, decomposed 45.5% and 32.2% of total SCB, 15.2% and 16.3% of cellulose, 73.5% and 64.4% of hemicelluloses, and 87.6% and 84.9% of lignin, respectively.
The evaluation of SCB as a growth substrate for P. ostreatus cultivation was also studied by Aguilar-Rivera and De Jesús-Merales [43] . Compared to the control (wheat straw), depithed bagasse and bagasse from mills increased the carbohydrate contents (Tables 1 and 3 ) of the cultivated mushrooms (44.78% and 45.14%, compared to 40.96% of the control). The highest biological efficiency was observed in the sugarcane trash substrate (106.6%), followed by the mixture of sugar mills bagasse with sugarcane trash (103.5%), even if they were lower compared to BE obtained on the control substrate (114.9%), as reported in Tables 2 and 4 .
Rice Husk
Rice husk is a waste by-product of rice milling, it is produced in large volumes and is generally disposed of in wasteland or burned in the open, thus being cause for environmental pollution [95] . Furthermore, its high fiber content is a limiting factor for its use as component of monogastric feed [96] . For that purpose, the authors studied P. ostreatus as a tool able to ferment native rice husk (NRH) at different periods: an increment in the crude protein content of the fermented NRH was observed, with the highest value being obtained in the NRH fermented for 7 days (+44.17%). Furthermore, the authors reported a decrease in the acid detergent fiber and neutral detergent fiber contents, together with an increase in the total amino acid content, and in particular an increase in the percentage of essential amino acids. In this way, Dairo, et al. [96] showed how the nutritive value of native rice husk can be improved by mushroom solid-state fermentation, hence making it more suitable for livestock feed utilization.
Besides being improved in its nutritional value by mushrooms solid-state fermentation, rice husk can be also used as a growth substrate for mushrooms cultivation.
Anyakorah and Dike [95] compared sawdust to rice husk as casing materials of cassava peel in order to encourage the fructification of P. pulmonarius. The authors observed a reduction in fruiting time either for sawdust (21.4%) and rice husk (23.8%) cased substrates, but biological efficiency increased only in sawdust casing (from 8.5% to 26.7%), while for rice husk casing a reduction of 6.5% in BE was observed.
Hazelnut Husk
Hazelnut processing produces large quantities of shells and leaves as by-products. Hazelnut husks are raw materials particularly rich in cellulose and hemicellulose, which could be potentially used for the production of food enzymes, biofuel, and various chemicals (acetic acid, furfural, and lignin degradation products) after bioprocessing [97] . Furthermore, Çöpür, et al. [98] evaluated the chemical properties of hazelnut husks and showed that they could be used as a valuable material for the production of particleboards, while recent works focused the attention on the extraction and the effects of antioxidant compounds from hazelnut shells [99, 100] , highlighting their potential use as important functional ingredient in food technology or in pharmaceutical industry.
Moreover, thanks to their chemical composition, hazelnut shells could be a good candidate as a substrate in the cultivation of the mushroom. Different combinations of hazelnut wastes with other materials, such as paper wastes, were investigated for the cultivation of P. ostreatus [101] .
Yildiz, et al. [102] , in the evaluation of different lignocellulosic wastes as raw materials for P. ostreatus cultivation, reported that a mixture of sawdust with hazelnut leaves (50:50) was one of the substrates with the major biological efficiency. However, when the percentage of hazelnut leaves increased over 50%, the mushrooms yields decreased, so the authors concluded that leaf of hazelnut is not very appropriate, as the growth substrate in percentages higher than 50% [102] . Pekşen and Küçükomuzlu [53] , instead, evaluated the effects of different substrates containing hazelnut husks in the cultivation of different Pleurotus species (P. ostreatus, P. sajor-caju, and P. sapidus). The authors observed that the different species were statistically different in terms of total yield, BE and morphological parameters, concluding that the optimum substrate for Pleurotus growth was a combination of hazelnut husk, wheat straw and wheat bran in the ratio 1.5:2:0.5 (Table 4 ) However, the biological efficiencies of the substrates containing hazelnut husks were lower compared to BE of the control composed of wheat straw + 5% wheat bran (Tables 2 and 4 ).
Aspects Related to Pleurotus spp. Cultivation on Agri-Food by-Products
The influence of many agri-food residues, used as growth substrates for mushrooms cultivation, on the chemical composition and production parameters of different species of Pleurotus are reported in Tables 1 and 2 for field-based residues, and in Tables 3 and 4 as concerning processing-based residues.
Within the same species, protein content seems to be the mushroom nutrient most influenced by the type of growth substrate, followed by crude fiber and carbohydrates. The genus Pleurotus is generally characterized by high protein content [103] on a dry weight basis and can be considered a good source of protein, especially for vegetarians [104] . However, when comparing mushrooms proteins, particular attention must be paid to the conversion factor used to express N content. Many studies regarding edible mushrooms, in fact, overestimated protein content (calculated as N × 6.25) due to the high proportion of non-protein nitrogen, particularly in chitin [24] . Therefore, a conversion factor equal to 4.38 is more appropriate [105] . Keeping this in mind, Tables 1 and 3 were filled out using 4.38 as a conversion factor in order to compare Pleurotus spp. protein content.
Within the same species, the differences in proximate composition are indeed due to the characteristics of the growth substrate, as well as to the strain employed. However, this information is most often lacking in the scientific literature [41, 45] making the comparison among results rather difficult.
P. sajor-caju showed the highest protein content among the different Pleurotus species (Table 1) . In any case, the genus Pleurotus showed protein contents similar to or higher than those found in many vegetables, but lower than meat and cheese contents [106] .
High protein contents are obtained from cultivation on substrates rich in nitrogen [43] or supplemented with other nitrogen sources [37, 44] . This would justify the higher value of protein content reported in Table 1 by Koutrotsios, et al. [42] when P. ostreatus is cultivated on pine needles compared to wheat straw (22.74 vs. 14.64, respectively). The same authors also reported a negative correlation between mushroom crude protein and substrates hemicellulose.
Low C/N ratio of the growth substrate yielded high protein content in mushrooms [37] . For this reason, P. ostreatus and P. cystidiosus cultivated on corncob (C/N = 34.57) showed the highest protein content, while the same mushrooms cultivated on sawdust (C/N = 51.71) had the lowest value, as reported in Table 2 [37] . At the same time, wheat straw (C/N ratio = 34.22) used by Gupta, et al. [44] showed the lower protein content (Table 1 ) compared to other growth substrates composed of wheat straw supplemented with mahua-cake by-products (C/N ratios < 15).
Regarding the fat contents in mushrooms, Tables 1 and 3 confirmed that Pleurotus spp. are foods with very low-fat content [22, 24] , with values being lower than 4%. Koutrotsios, et al. [42] reported a positive correlation between mushroom fat content and C/N ratio and cellulose content of the growth substrates, while a negative correlation was observed between mushroom fat content and substrates fat content. For this reason, P. ostreatus cultivated on beach sawdust, corncob, and date palm tree leaves showed the highest fat content in Table 3 [42] , while the same mushroom cultivated on extracted olive-press cake showed the lowest fat value. The correlation observed by the same authors could also justify the results reported by Gupta, et al. [44] , as well as data showed in Table 1 , in which P. sajor-caju cultivated on wheat straw had the highest fat content (2.07%) compared to other substrates (fat < 1.85%): the authors, in fact, reported a C/N ratio and cellulose content equal to 34.22% and 34.23%, respectively, for wheat straw, while the other growth substrates showed values significantly lower (C/N ratio <15 and cellulose content <20%). Furthermore, these substrates also showed higher fat contents (>5%) compared to wheat straw (0%). Nevertheless, fat values of oyster mushrooms grown on different substrates reported by Hoa, et al. [37] and shown in Table 3 do not exhibit the same trend of C/N ratio of the substrates: probably there were other factors influencing fat content in mushrooms, but the authors did not report other useful information about the growth substrates composition.
Regarding the fiber and carbohydrates contents of mushrooms, values can be deeply affected by the analytical method used for their determination, which makes rather difficult the comparison of the results. Tables 1 and 3 , in fact, show a wide range for these nutrients in the Pleurotus genus. P. ostreatus had the highest crude fiber content, ranging from 12.39% [43] to 29.75% [37] , followed by P. sapidus (crude fiber between 6.00% and 8.00%), and P. eous (crude fiber in the range 7.30-9.00%). Fiber contents in the mushroom are generally determined by the AOAC enzymatic gravimetric method [104] . However, the presence in the residue of non-protein nitrogen originating from chitin (of which mushrooms are rich) could deeply affect the results [104] . Koutrotsios, et al. [42] observed that carbohydrates content in P. ostreatus was positively correlated with substrates C/N ratio, cellulose and hemicellulose content, and negatively correlated with substrates fat content. For this reason, their results reported in Table 3 show that P. ostreatus cultivated on beech sawdust and corncob (substrates with very high C/N ratio, 427.2 and 112.4, respectively, and very low fat contents, 0% and 0.6%, respectively) had the highest carbohydrates values, while the same mushroom cultivated on almond and walnut shell (C/N ratio = 39.2 and fat content = 6.1%) showed the lowest carbohydrates value (56.64%). A similar trend between mushrooms carbohydrate content and substrates C/N ratio can be observed in the results of Hoa, et al. [37] reported in Table 3 for both P. ostreatus and P. cystidiosus.
Results reported by Gupta, et al. [44] in Table 1 show that increase in sugar of the growth substrates (through supplementation of wheat straw with mahua-cake by-products) does not correspond to increase in mushroom sugars: the authors attributed this to the absorption of these nutrients by mushrooms to increase the growth of the fruit bodies rather than specifically increasing their sugar content.
Some authors also attributed carbohydrates trend in mushrooms to differences in protein contents: Shashirekha, et al. [107] , for example, observed carbohydrates decrease in mushroom cultivated on rice straw supplemented with cottonseed compared to rice straw alone, but the authors attributed this reduction to the significant increase in mushroom protein content.
Results reported in Tables 1 and 3 show that Pleurotus spp. minerals content ranges between 6 and 10% (dw). Differences in the mushroom ash contents depend on the substrate salts content [108] . Variations in mineral compositions may be due to the adsorption and accumulation of these elements by mushroom from the growth substrate [51] , and to the availability of these nutrients in the substrates. Furthermore, minerals contents in mushrooms fruiting bodies are generally species-dependent [109] . This was also confirmed by Hoa, et al. [37] results reported in Table 3 concerning ash content in P. ostreatus and P. cystidiosus cultivated on the same lignocellulosic materials.
Nitrogen supplementation is an important factor affecting mushroom growth: Mane, et al. [56] observed significant increase in yields of Pleurotus sajor-caju when lignocellulosic agricultural substrates were supplemented with 1% organic nitrogenous material by addition of gram flour or groundnut oil seed cake or rice bran. Tables 2 and 4 show the biological efficiencies of Pleurotus spp. cultivated on different agri-food wastes. The form of nitrogen seems to play an important role in mushrooms growth: according to Mikiashvili, et al. [110] , in fact, the addition of nitrogen-rich organic supplements enhances the activities of laccase and Mn-dependent peroxidase in mushrooms, hence promoting their growth. Also Nunes, et al. [111] evaluated the addition of different nitrogen forms (rice bran and urea) to substrates for P. ostreatus cultivation: nitrogen supplementation, especially in the organic form (rice bran) enhanced mushrooms biological efficiency. The authors also observed that urea supplementation inhibited the assimilation of phosphorus, potassium, and magnesium by mushrooms in some substrates, because it may act as chelator, thus decreasing the availability of substrate minerals [111] .
Formerly, also Koutrotsios, et al. [42] observed that high nitrogen contents (preferably in the organic form) in the growth substrates improved mushrooms biological efficiency, even if in some cases nitrogen contents over a specific threshold (N > 1.4%) were associated with a decrease in yields [112] . The assessment of the prohibitive N levels, however, is very difficult since mushrooms yields depend on many other factors, such as availability (not just presence) of nutrients, presence of toxic compounds, the formation of potentially inhibitory compounds, etc. [42] . More than nitrogen alone, in some cases C/N ratio seems to be more significant in determining mushrooms productivity. Hoa, et al. [37] , in fact, observed better mushroom yields in substrates with lower C/N ratio, increasing for example the percentage of corncob (low C/N ratio) or sugarcane bagasse (low C/N ratio) in mixture with sawdust (high C/N ratio). The same results were observed by the authors both for P. ostreatus and P. cystidiosus cultivation [37] in Table 4 . The C/N ratio of the substrate for mushroom cultivation can be up to 40-50 since they are able to extract nitrogen nutrient even when it is present in low amount [65] .
Also, mineral and lignin contents of the substrate showed a positive correlation with mushrooms biological efficiency in P. ostreatus and P. cystidiosus cultivation [42] . Different amendments of micronutrients to the growth substrates of P. florida also lead to different mushroom productivity in terms of BE [52] , as reported in Tables 2 and 4 .
Biological efficiency also showed positive and negative correlations with contents of lignin and hemicellulose, respectively, of the substrates [42, 113] : low hemicellulose content combined with high lignin content, in fact, seem to effectively induce the activities of the related degrading enzymes, especially when other nutrients (such as carbohydrates and, to a small extent, fats) are not abundant [42] . A positive correlation between cellulose content of the growth substrate and biological efficiency was also observed [55, 113] . High contents of cellulose are generally found in cotton wastes [11] . This could explain the generally high values of biological efficiency (Table 4 ) observed when Pleurotus spp. are cultivated on substrates that contain, even in part, these residues [42, 51, 56, 59, 60] .
Straw-based substrates or sawdust, fermented or not, with added supplements, are the general substrates for commercial Pleurotus cultivation [11] . Results reported in Tables 2 and 4 confirm that cereal straws and sawdust are the most used substrates for Pleurotus spp. cultivation, wheat straw being the major one. Wheat straw and sawdust generally provide cellulose, hemicellulose, and lignin, which are utilized during spawn growth and fructification [102, 114, 115] . Biological efficiency of these substrates considerably differs, with sawdust generally showing lower value than wheat straw (see Tables 2 and 4) , as already observed [42] : this can be attributed to the lower delignification rate of sawdust [55] , that is to say to the higher C/N ratio of sawdust compared to wheat straw [11] , since mushroom ligninolytic activity is induced in nitrogen-rich medium [116] .
Regarding field-based residues for Pleurotus spp. cultivation (Table 2) , cereals straw alone generally achieves biological efficiency values higher than 50%. In order to consider the Pleurotus cultivation profitable the value of BE must be over 50% [117] , while, regarding yield, under ideal growth conditions 1 kg of the well colonized substrate should yield about 1 kg of marketable mushrooms [11] . Unfortunately, data regarding yields are not always comparable in the literature, due to the differences in the measurement units to express it and/or to the lack of information (e.g., weight of the growth substrates).
Data reported in the work of Sardar, et al. [51] is an exception to BE values higher than 50% in Pleurotus spp. cultivation (Table 2 ). However, if comparing these results with those reported by Zervakis, et al. [49] on the same Pleurotus species (P. eryngii), differences in BE may be probably due to differences in the composition of the substrate: wheat straw employed by Sardar, et al. [51] , in fact, had higher hemicellulose (27.2% vs. 21.8%) and lower lignin (11.4% vs. 19.1%) contents than wheat straw used in the study of Zervakis, et al. [49] . Both these substrates components have been proven to have negative and positive correlation, respectively, with biological efficiency [42, 113] . The same conclusion may be drawn comparing the biological efficiencies of P. ostreatus grown on wheat straw in the works of Zervakis, et al. [49] and Koutrotsios, et al. [42] : in the former study, the growth substrate had lower C/N ratio, lower hemicellulose, and higher lignin contents, thus yielding higher biological efficiency. Unfortunately, data concerning chemical composition of the substrates are often lacking in many scientific works [41, 45, 48, [53] [54] [55] [56] , thus preventing the comparison among results. Furthermore, with the same growth substrate, different species of the genus Pleurotus showed different behavior: P. sapidus gave the lowest biological efficiency, compared to P. sajor-caju and P. ostreatus when cultivated on wheat straw + 5% wheat bran [53] , while P. pulmonarius gave the highest value of BE, followed by P. eryngii and P. ostreatus when cultivated on wheat straw [49] .
The low yields of mushrooms grown on some agricultural by-products, such as groundnut haulms [56] , probably due to their high moisture-holding capacity, may be increased by simple addition of other agricultural by-products with lower water holding capacity, such as wheat straw, thus increasing BE values from 36.5% to 63.6% [56] , as reported in Table 2 .
Cereal straws or cereal milling by-products (such as wheat bran) may also be used as supplements to food industry residues in mushroom growth substrates thanks to their composition [11, 114, 115] . Furthermore, straw could improve the structure of the substrate [65] , providing channels to oxygen inflow through the growth medium. For these reasons, the results reported in Table 4 show that processing-based residues added with wheat straw or wheat brain gave better yields for mushroom cultivation [49, 53, 65] . In particular, Pekşen and Küçükomuzlu [53] showed (Table 4 ) that wheat bran and wheat straw in combination with hazelnut husks allowed the fructification of different species of Pleurotus, and once again P. sajor-caju and P. ostreatus gave higher biological efficiencies (>60%) compared to P. sapidus (<50%). However, even if hazelnut husk is a good candidate for mushroom growth thanks to its excellent contents of lignocellulosic material and nitrogen, as well as a C/N ratio of about 50-60 [11] , wheat straw supplemented with only 5% of wheat bran gave higher biological efficiency value (92.5%, as reported in Table 2 ): this was probably due to the higher cellulose/lignin ratio of wheat straw (2.2-5.3, as reported by Philippoussis [11] ) and wheat bran (6.19, calculated according to data reported by Claye, et al. [114] ) compared to cellulose/lignin ratio of hazelnut husks (0.7-1.2, as reported by Philippoussis [11] ), this ratio having been positively correlated with yields in P. ostreatus and P. pulmonarius cultivation [11] .
The high value of cellulose/lignin ratio observed in cotton wastes (5.0-11.2, as reported by Philippoussis [11] ) could also justify the higher biological efficiencies observed (Table 4 ) when P. eryngii and P. ostreatus are cultivated on these substrates compared to other processing-based residues [42, 51, 55] .
Results reported in Table 4 show that by-products generated by the olive-oil industry have been widely studied by many authors for the cultivation of edible mushrooms [42, 49, 65] , showing the highest values of biological efficiency both for P. eryngii and P. ostreatus [49] . However, these by-products gave better results by adding cereals straw, which, besides improving the structure of the growth substrate, increases the cellulose/lignin value, as can be observed by data reported in Table 4 [49, 65] . It is worth mentioning that in the work of Zervakis, et al. [49] the C/N ratio was not correlated with mushrooms biological efficiency, because increasing supplementation of olive-oil industry by-products led to the simultaneous increase of nitrogen (and other nutrients) and toxicity of the growth substrate.
In some cases, composting the growth substrate may lead to an increase in yield and biological efficiency of mushrooms cultivation [11, 102] , providing more readily available nutrients [49] . This could explain, together with the lower wheat straw employed, the lower biological efficiencies reported by Mansour-Benamar, et al. [65] compared to Zervakis, et al. [49] results, when P. ostreatus is cultivated on olive-oil industry by-products (BE < 35% vs. BE > 85%, as reported in Table 4 ). Table 4 also show that sawdust is another common substrate used for mushrooms cultivation [37, 42, 51, 64] , alone or in combination with other food industry by-products. Sawdust, as well as wheat straw, is a good substrate for mushroom cultivation because it is a good source of lignocellulosic material and because it may improve the structure of the growth medium. According to the wood from which it is generated, sawdust may have different chemical composition, in particular regarding the contents of lignin, cellulose, and hemicellulose, as well as in the C/N ratio, which is generally high (150-520, as reported by Philippoussis [11] ). Unfortunately, the type of sawdust is not always specified in the literature. Furthermore, sawdust has a low nitrogen content (N about 0.1-0.2 %, as reported by Philippoussis [11] ) hence, it is generally supplemented with another nitrogen source. Data reported by Hoa, et al. [37] in Table 4 confirmed that sawdust alone gave worst results than sawdust in combination with other processing-based residues in P. ostreatus and P. cystidious cultivation, due to the fact that supplementation with sugarcane bagasse or corncob increase the nitrogen content, thus reducing the C/N ratio of the growth substrates. These results were not in agreement with those reported by Buah, et al. [64] , who, however, did not report the composition of the growth substrates, thus making the comparison of the results impossible.
Results reported in
According to the data reported by Philippoussis [11] , corncob is a substrate with relatively high hemicellulose content (35.0-43.0) respect to cellulose and lignin content, together with a not very low C/N ratio (64.2-71.6 ). That's why corncob achieves low biological efficiency value (see Table 4 ) for Pleurotus spp. cultivation, with the exception of data reported by Hoa, et al. [37] : in this work, however, corncob had a lower C/N ratio compared to data reported in the literature by Philippoussis [11] (34.57 vs. 64.2-71.6), and its value was negatively correlated with mushroom yield.
Some substrates (jatropha cake, peapod, and cauliflower leaves) have proven to be not suitable for mushroom growth (BE = 0), as reported in Tables 2 and 4 , probably due to their hold large amount of water [48, 55] , which causes a lack of proper aeration and thus prevents mycelia development. However, the addition of nitrogen sources with lower water holding capacity, such as cereal straw, may allow mushroom fructification [48] , also reaching very satisfying biological efficiencies (BE > 90%, as reported in Table 2 ).
Apart from nutrition, there are many other factors that may influence mushroom cultivation: temperature, gaseous environment, water activity, light, and pH are in fact determining factors in regulating mycelia growth and fruiting of Basidiomycota [11] , but very often this information is lacking in the scientific literature. P. ostreatus fructification, for example, is light-dependent [11, 65] , and insufficient light during mushroom development can lead to long stalk, small-cap and low yield [102] . Also pH plays an important role since it is related to the contamination by molds: a pH value from 5 to 6, which is favorable for P. ostreatus growth, is in fact also beneficial for the development of Trichoderma [65] . In order to avoid mold contamination, pH values over or equal to 7.5 are recommended for Pleurotus spp. cultivation, by limestone addition to the growth substrate [118] . Furthermore, in Pleurotus spp. cultivation the substrate with the grain spawn (inoculum) usually requires to be kept in a dark room at about 25 • C with 80% humidity, while fructification generally occurs at temperature values of about 15 • C [11, 65] .
Conclusions
Pleurotus genus is among the most cultivated mushrooms in the world, is characterized by very simple cultivation and high nutritional value. They are also well known for the ability to degrade lignocellulose, therefore, many different agri-food wastes have been used as growth substrates for Pleurotus spp. cultivation, since they are mainly composed of lignocellulosic material. In this way, low-value wastes, primarily produced through the activities of the agricultural and food-processing industries, can be converted into new resources to produce added-value food items.
The scientific works discussed in this review show the versatility of Pleurotus spp. of growing on a wide range of lignocellulosic materials. Depending on the local availability of agricultural and food industry residues, different substrates can be used in each region worldwide. However, since the substrates play the important role of supporting the growth, the development and the fruiting of mushrooms, the choice of the most suitable waste material as growth substrate to obtain maximum yield is very crucial for mushroom farmers.
The different results reported, both in terms of production parameters and chemical composition of mushrooms, are certainly affected by different factors: the species cultivated, the strain employed, the characteristics of the substrate (in terms of C/N ratio, mineral content, water retention capacity, bioavailability of nutrients, etc.) and so on. Since the C/N ratio plays an important role in the spawn running and the growth of the fruit body, nitrogen supplementation is an important factor for mushrooms cultivation: for this reason, the low protein contents of the lignocellulosic materials used as substrates are generally supplied with other nitrogen sources. Moreover, it is worthwhile highlighting that the differences in the results of the chemical composition of mushrooms may be due to a lack of official analytical methods. The protein content can be a clear example of this statement due to the converting factor employed (F = 4.38 or F = 6.25) in the Kjeldhal method, similarly, the fiber and carbohydrates values can be deeply affected by the analytical methods used.
In any case, Pleurotus spp. have been proven to be a useful tool to upgrade and valorize some agricultural wastes: thanks to its preferential degradation of lignin and after solid-state fermentation by Pleurotus, in fact, many agricultural wastes (cereal straw and husk) result in better animal feed.
The strong oxidative activity of the Pleurotus spp. ligninolytic enzymes have also revealed a low-cost bioremediation process: in some agri-food industry residues, in fact, Pleurotus spp. are able to decrease the wastes phytotoxicity related to the presence of toxic compounds (phenols, tannins, caffeine, etc.). Furthermore, the use of food industry residues (e.g., olive mill wastes) in the growth substrate of edible mushrooms is a clear example of biotechnological application with the double result of decreasing the environmental impact of toxic wastes and producing mushrooms with high added value (increase in glucan content). The disposal of many agri-food wastes, in fact, is rather difficult, due to their inadequate biological stability, potentially pathogenic nature, potential for rapid autoxidation, high level of enzymatic activity, etc.
Although these results are encouraging, most of them come from a laboratory, or semi-pilot-scale experiments. Lab-scale data, in fact, frequently result in a much higher impact when compared with commercially available data, due to the difference in the process/system behavior when transferring results from lab-scale to pilot and industrial scale (for example, reliability of lab equipment at larger scales could be a serious problem). Therefore, a scenario analysis is needed, and the choice of the best model for scaling-up procedure becomes a critical point to minimize time, capital cost and process risks. However, it's worthwhile mentioning that innovations in the industrial processes have to be firstly developed at laboratory and pilot scale. Validation of products and processes on an industrial scale, in fact, is less thorough than laboratory and pilot-scale testing: smaller batch sizes, for example, allow more critical parameters to be assessed, thus resulting in a better understanding of the process. Lab experiments results are therefore preliminary before starting an innovation process at industrial scale.
However, many scientific works are lacking information (e.g., characteristics of the growth substrates for mushroom cultivation or the strain employed) which prevent the comparison of the different results. Therefore, further studies and harmonized procedures are needed to really evaluate the use of agri-food wastes for mushroom cultivation on an industrial scale.
